This paper takes the preservation works on the archaeological sites of Gaochang Ruins, Xinjiang, as background. Based on the soil characteristics analysis on the archaeological sites, experimental studies were conducted on the consolidation effect of the BS-10 consolidation material on the archaeological sites of adobe and rammed earth. The results showed the following:, after consolidation, the wind erosion resistance of the soil on the archaeological sites was substantially increased, and the wind erosion modulus was reduced by 5∼8 times; the soil exhibited fine grid structure and significantly reduced degree of permeability, while still maintaining the moisture exchange between inside and outside the soil; there is excellent ageing resistance; the resistance to freezing and thawing was closely related to the soil water content and had little influence in arid regions; the water resistance was improved and could satisfy the requirements for consolidating the sites in arid regions; the unconfined compressive strength was improved moderately, which was the key direction of improvement in the future, and the consolidated soil did not form duricrust on the surface and had good bonding strength with the internal parts. The BS-10 material can meet the consolidation requirements for the earthen archaeological sites in arid regions of northwest China.
Introduction
The earthen architecture archaeological sites are the architectural remains of the earthen architecture built by ancient people despite hundreds of years of erosion [1] [2] [3] [4] [5] and represent the historical and cultural styles and architectural technique level during that period, and therefore they are having significant scientific and cultural value [6] . But, unfortunately, due to lack in preservation, most sites have been permanently damaged, and most of the existing sites are also in the state of danger and urgently require preservation [7] [8] [9] [10] .
With the efforts of archaeologists, the researches on soil consolidation material of the earthen sites have been developed rapidly in practice [11] [12] [13] [14] [15] [16] , but the relevant theoretical and experimental studies are still imperfect. This paper will discuss the experimental studies on the applicability of BS-10 series consolidation materials (silicone-modified acrylic resin emulsion, hereinafter referred to as modified acrylic emulsion) in preservation works on the archaeological sites of Gaochang Ruins (Figure 1 ), which provides a reference for similar works on preservation of archaeological sites in arid regions.
Soil Characteristics Analysis
The different types of soil in different regions vary in the soil structure and the mineral composition, the structural resistance to damage, and the disease characteristics [17] [18] [19] . For more pertinent consolidation and preservation of earthen archaeological sites, it is necessary to conduct experimental studies on the characteristics of materials on the archaeological site, and the appropriate consolidation materials have to be selected.
The Gaochang Ruins is mainly built with adobe or rammed earth, of which raw soils are generally taken locally. During this test, a total of 35 groups of soil samples are taken, including 15 groups of samples of rammed earth, 10 groups of new and old adobes, respectively, and the weathered layers of the surface and the internal parts were taken as several groups of samples, respectively. The undisturbed adobes were sampled from the south row of houses in Big Buddha Temple of Gaochang Ruins, and the rammed earth samples were taken from the west city wall.
Microstructure.
Analyze the content of microcomposition of the soil samples, among which the content of debris was gained by weighting the soil from manual removal on the samples surface, the content of clay and calcite was gained by XRD analysis, and the porosity was calculated by micro CT method. The result is presented in Table 1 .
As can be seen, the main composition of the adobe and rammed earth sample is clay; the porosity in the rammed earth was rather high, possibly due to the limitations by the ancient manual soil ramming and construction technology level, or also possibly due to improper moisture control when ramming, which will affect the permeability of the soil on the archaeological sites directly; the debris was mostly on the soil surface, and its content in the adobe sample was high, mainly due to the persistent wind and rain erosion. The consolidation of wind erosion resistance was actually the consolidation of the weathered layer in the soil surface. The depth of the consolidation materials should better be penetrated 2-3 cm into the unweathered soil, and this index was the key factor to determine the diameter of single-hole permeability and its grout amount.
Chemical Analysis and Easily Dissolved Salts Analysis. This experiment is based on "Methods for Chemical
Analysis of Cement" [20] , the contents of Na 2 O and K 2 O were measured by atomic absorption spectrometry (AAS) method and the loss on ignition was measured by gravimetric method, and the others were measured by volumetric analysis method. The chemical analysis was made on the samples of the undisturbed soil for rammed earth and the undisturbed soil for adobes. Taking into account the differences in the soil samples, 3 groups were replicated, and the values were averaged for each item [21] , of which analysis results are as shown in Table 2 .
Analysis on soluble salt was measured referring to "Standard for Soil Test Method" [22] ; the moisture contents of rammed earth and adobe sample are 2.47% and 2.03% relatively. HCO 3 − and Cl − were measured by volumetric analysis method, SO 4 2− was measured by turbidimetry method, and the other ions were measured by AAS method. The analysis results of easily dissolved salt are as shown in Table 3 .
As can be seen from the test results, the samples of rammed earth and adobe are basically of the same chemical composition, and the materials are taken locally. The two soil samples feature SiO 2 in content of nearly 60%, greater sediment concentration, and poor bonding properties, as well as loose soil structure. During consolidation in the late period, care should be exercised to strengthen the connection strength between soil particles, making it cemented as a whole. The two types of materials are in rather higher level of chloride content, but as most of the rammed earth were constructed near the ground, the capillary effects of the underground water and air evaporation were strong to make the chloride salt easier to be gathered; the chloride content in the rammed earth is higher than that in the adobe. When the soil is dry, these salts fill the voids between the soil particles and exert the effect of cementing the soil; when there is water infiltration, these salts are dissolved and ionized and gradually migrated to the soil surface with the evaporation of water, destroying the original soil structure, so that the salts are accumulated on the soil surface and form into hard shell. The soil internal and external strengths are different, thereby easily leading to cracking, spalling, and other damage.
Physical Properties of Undisturbed Soil.
The collected soil samples are tested to obtain the physical properties of undisturbed soil. The experiment method is based on "Methods for Chemical Analysis of Cement" [20] ; the parameters of wet bulk density, moisture content, dry bulk density, and liquid and plastic limit were achieved by indoor experiment and other parameters were obtained by calculation of measured parameters, as shown in Table 4 .
The physical properties of rammed earth and adobe are substantially similar, except that the moisture content of the adobe is relatively lower than that of the rammed earth, mainly due to the difference in the construction technology. In addition, the wheat straw and other reinforcement materials in the adobe have certain impact on the moisture content.
X-Ray Analysis.
The X-ray analysis is the X-ray diffraction formed by crystals. It is a method for analysis of the spatial distribution of atoms inside the matter and capable of qualitative and quantitative analysis [23] .
The rammed earth and adobe materials are crushed and impurities and organic matter were removed therein, placed indoors for 30 d, and, after air drying, finely ground for Xray diffraction test. The " value" method [24] is used to do semiquantitative analysis, taking corundum ( -Al 2 O 3 ) as reference. The results are as shown in Figure 2 . Note: most of pores are intergranular pores, mainly in middle size (0.016-0.004 mm) and in small size (0.004-0.001 mm). Saturation means the ratio between the volume of water and the volume of pores in the soil. Void ratio means the percentage between the volume of pores and the whole volume of the soil sample in natural state. Liquid limit and plastic limit mean the upper limit and lower limit of moisture content when the soil particles are in plastic state.
In Figure 2 , 0.426 nm and 0.335 nm are the characteristic diffraction peaks of the quartz and 0.320 nm and 0.303 are relatively the characteristic diffraction peaks of feldspar and calcite. Based on the diffraction peak position of each phase, and comparing them with the standard cards of JCPDS, the quality percentage of each material in the soil sample can be achieved by " value" method as follows: the mineral composition for samples of rammed earth includes the quartz and feldspar in contents of about 40%, respectively, the calcite in content of 11%, and small amount of other minerals; the adobe includes quartz in content of 51%, calcite in content of 10%, feldspar in content of 27%, and small amounts of other minerals.
The adobe and rammed earth are substantially similar in mineral composition, possibly with slight difference due to the production process, indicating that the soils were taken from the local area at the time of construction, and other materials were not added to the soil body to change the characteristics of soil.
Energy Dispersive Spectrometer (EDS) is a kind of technology [25] that can analyze the elements of samples according to the peak intensities and energy eigenvalue using the X line theory of elements energy characteristics. Experiment methods referred to [26] , and the results of the adobe samples are as shown in Figure 3 .
Determine the element types according to the energy value of individual peak and analyze the element content according to the peak intensities. Referring to the analysis result of XRD, the quality percentage of each element can be achieved and they are basically coincided with the complete chemical analysis results, among which the silicon content is the highest in the soil. When selecting consolidation material, the consolidation material selected should be of the same mineral composition and distribution as the soil material, so that the original structure and properties of the soil are not changed as much as possible, and the consolidation materials must be protected from harmful chemical reactions with the minerals in the soil lest damage to the site.
Consolidation Material and Sample Preparation
Based on the said analysis on the soil properties of the sites, and combined with the purpose and requirements of the preservation of the earthen architecture sites, this paper selected the BS-10 antiweathering stabilizer, used the preservation works of the ruins site in Gaochang County, and studied the consolidation effect on its earthen architecture sites, thereby providing a reference for similar consolidation works.
Consolidation Materials.
The BS-10 series stabilizer is prepared with the main agent of the silicone-modified acrylic resin emulsion and added with an appropriate amount of silica sol solution, and in situ test and laboratory tests on soil samples of Gaochang Ruins were carried out. The silicone-modified acrylic resin emulsion used for experiments is a transparent aqueous emulsion, with solid content of 31-34%, viscosity of <1000 cps (Brookfield viscometer LVF 1∼3#/60 rpm/30 ∘ C), PH value of 7.0-9.0, and particle size of 0.02 nm, and featuring excellent permeability, sealing, water resistance, and weather resistance. The silica sol consists of SiO 2 content of 26.1%, NaO content of 0.23%, PH value of 9.4, density of 1.167 g/cm 3 , and average particle size of 12.6 nm and features low viscosity, excellent permeability, and larger specific surface area.
Sample Preparation.
With reference to the ASTM codes related to cement-soil and the Chinese soil test procedures [27] [28] [29] , the wind erosion tests are used with 100 × 100 × 100 mm 3 test cubes, unconfined compressive strength tests are used with cylinder test blocks in diameter of 40 mm and height of 78 mm, and other tests are used with 50 × 50 × 50 mm 3 test cubes, of which the test cubes or blocks are handmade and in dimensional error of ±2 mm.
Adopt two modified acrylic emulsions of BS-10a and BS10b for testing, prepare with the National Starch products KD8 and KD26 modified, and use the concentrations of 3%, 5%, 8%, and 15%, and consolidate the samples using the same spraying technology practically used on projects. The consolidation solution is calculated according to the maximum saturation = 85% [30] , and the application rate of consolidation fluid is as follows:
where is dry density (g/cm 3 ) of sample; V is total volume of sample (cm 3 ); is relative density of the soil, often taken as = 2.70 (g/cm 3 ); and is water density (g/cm 3 ). The sample numbering is as follows. X-1 is the sample for undisturbed rammed soil; X-2 is the sample for BS-10a consolidated rammed soil; X-3 is the sample for BS-10b consolidated rammed soil; X-4 is the sample for undisturbed adobe; X-5 is the sample for BS-10a consolidated adobe; X-6 is the sample for BS-10b consolidated adobe.
Consolidation Effect and Discussion

Permeability Test.
The preservation of the earthen archaeological site follows the basic principles as follows: "after the consolidation of material, the soil still has good permeability, water resistant but not water-repellent [31, 32] ." To verify the bonding force between soil particles, changes in microstructure, and its effect on soil permeability upon consolidation of BS-10 material, the test was used with the TST-55A-type permeameter to determine the changes in soil permeability upon consolidation with modified acrylic emulsions BS-10a and BS-10b.
The test results of the permeability coefficient of various types of soils on the archaeological site are as shown in Table 5 .
During test, in 1 minute after the instrument inlet valve is opened, the undisturbed sample of rammed earth and adobe were found steady water outflow from the outlet. Upon consolidation of the BS-10 emulsion, the soil samples were completely water soaked upon 5 min opening of the inlet valve, and the water flowed out from the outlet after 30 minutes, featuring small amount and rain droplet form.
On the contrary, with the consolidation effect of PS material [31] (the permeability of soil improved; although it can make the soil get sufficient mechanical strength in a relatively short time, the infiltration rate of rainwater was accelerated simultaneously), the test results showed that the permeability of consolidated soil by BS-10 was significantly lower than that of the undisturbed soil, with the permeability Advances in Materials Science and Engineering 5 coefficient reduced by about 15 times, as well as certain water resistance. At the same time, the consolidated soil immersed in water was relatively easy to permeate, the BS-10 materials did not clog the connectivity between soil pores, and the moisture inside and outside the soil could still freely exchange, exhibiting good permeability.
Ageing Test.
The BS-10 (modified acrylic emulsion) belongs to polymer materials, and ageing is inevitable [33, 34] . The Turpan region where the Gaochang Ruins are located features more sunny days, strong sunlight, and high UV intensity, and ageing is often accompanied by color change to make the site show obvious traces of restoration. At the same time, more attention should be paid to the weakening effect of the material ageing on the cementation among soil particles. This test was used with UV ageing method and 300 W high pressure mercury lamp for irradiating the soil of the site. The light source was 20 mm from the sample surface, with a total of 500 hours for irradiation (exposed in day time with 12 hours and stopping exposure at night). The strength loss of the samples was regularly measured, and the changes in appearance were observed. During test, the soil samples were into the closed fume hood, the high pressure mercury lamp was turned on, and the temperature in the hood reached 65-70 ∘ C within half an hour. The results showed that the soil samples had intact appearance and essentially unchanged color. Upon consolidation with the modified acrylic emulsion, the color of the earthen archaeological site was found slightly changed. Compared with undisturbed soil samples, the color difference was in the range of 6∼11. After UV irradiation for 500 h, the color of the consolidated soil slightly changed compared with the soil before consolidation, with color difference in the range of 0∼6. The soil color would not have significant color differences compared with the undisturbed soil, which was indiscernible with naked eye, and thus belonged to the acceptable range. In addition, the soil strength showed slight increase over the prolonged ultraviolet irradiation, featuring smaller strength loss against greater concentration; it was similar to the effect of PS consolidation [12] . This indicated that the BS-10 material had good ageing resistance and long service life.
Unconfined Compressive Strength Test.
The unconfined compressive strength is a concentrated expression of the mechanics indicators of soil, which is closely related to the physical and mechanical indexes of consolidated soil, for example, wind erosion resistance, as well as permeability resistance, but also easy to measure [35] [36] [37] .
This test was permeated and consolidated using dripping method, with consolidation amount as 85% of the maximum saturation, as well as indoor curing for 1 month before test. The test equipment was selected with YYW-2 strain control type unconfined pressure meter, of which the loading rate was controlled at strain rate of 1∼3% per minute. When the axial strain <3%, the readings were taken at interval of 0.5% (or 0.04 mm). When the axial strain ≥3%, the readings were taken at interval of 1% (0.08 mm). The test results are as shown in Table 6 and Figure 4 .
As can be seen, the samples consolidated with BS-10 material were found with improved strength, irrespective of rammed earth or adobe. The compressive strengths of rammed earth samples were increased by 1.395 and 1.391 times, respectively, upon consolidation with BS-10a and BS-10b. The compressive strengths of adobe samples were increased by 1.474 and 1.602 times, respectively, upon consolidation with BS-10a and BS-10b. The stress-strain curve for the rammed earth samples consolidated with BS-10a solution gradually became flat. In addition, the "crusting" phenomenon on the surface of consolidated adobe and rammed earth samples was not found during test, and the failures were all breakups without any obvious signs. After consolidation, the soil surface and the internal parts have good bonding strength.
The two soil samples were found with limited strength increase upon consolidation, which still had room for improvement, and this was the similar defect of PS and SH material consolidation [12, 16] . But the consolidated solution of PS has the best concentration and the optimal consolidation times, which can increase the unconfined compressive strength of the consolidated soil sample by 2 times [12] . It will be analyzed in follow-up study.
Anti-Freeze-Thaw Test.
The Turpan region features high humidity and great temperature difference, and the damage effect of freezing and thawing on the archaeological site was particularly significant. Therefore, the studies on anti-freezethaw of soil are also crucial [38, 39] .
With reference to the meteorological data in 2001∼2005 years in Turpan region, and on the basis of its characteristic data ( Figure 5 ), tests were conducted on changing laws by simulating one hour as a month. The test temperatures were controlled as continuous change in the range of −20∼50 ∘ C, and the simulation of the temperature change process of one year was considered to be completed with a freeze-thaw cycle.
The moisture content of consolidation sample was 2% ∼2.5% (near to the undisturbed soil), took 5 times of freeze-thaw cycles, and then measured the mass loss and its compressive strength after drying. The results showed that the mass loss and strength loss of soil samples in the freeze-thaw cycles were very small, both were under 1% and had no increase tendency with cycle number of freeze-thaw, and no signs of cracking or other damage appeared on the surface, mainly in that the Turpan region where the sites are located featured scarce rainfall, strong sunlight, and small moisture content in soil, thus insignificant freeze-thaw effect. Therefore, for the arid region in the northwest China, the freeze-thaw is not the main factor causing the destruction of the site.
To further study the influence on the soil moisture under the effect of freeze-thaw, a total of 30 remolded samples in 5 groups were added with water in proportion of 5%, 10%, 15%, and 20%, respectively, while one group of water samples not added with water were reserved for comparison. The temperature change process of a quarter was simulated every 4 hours, and a total of two freeze-thaw cycles were conducted. The results showed that, with the increase of moisture content in soil, the chances of soil damage were significantly increased. As the first cycle of high and low temperature had evaporated most of the water in the soil and the permeability coefficient decreased greatly after the consolidation, so, after the second cycle of freeze-thaw, the destruction phenomenon was insignificant, and only few tiny cracks were found on the surface part.
In conclusion, when the moisture content was low, the anti-freeze-thaw ability of the consolidated soil sample was better than that of undisturbed soil, but there was no such similar phenomenon shown after SH consolidation that the compressive strength increased first and then decreased with the number of freeze-thaw cycles [40] .
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Wind Erosion Test.
In the northwest China, the sanddriving heavy winds eroded these precious cultural relics sites almost every year at an alarming rate, resulting in severe undercutting of the bottom of the archaeological sites [41] . So the wind erosion resistance of soil is the critical factor that should be taken into consideration in the archaeological sites consolidation [42] [43] [44] .
This test is based on the wind speed data of Turpan region in 2001∼2005 years ( Figure 6 ). The test tunnel is type of opencircuit closed wind tunnel, with tunnel length of 37.78 m, sectional area of 0.6 × 1 m, test section length 16.23 m, and 1 degree of lifting angle to eliminate the axial acceleration. The wind speed is continuously adjustable in the range of 1∼40 m/s, and the turbulence intensity is below 0.4%.
Before the experiment, the soil samples were weighed and horizontally placed, and the sample placing sequence was changed with the wind speed to avoid the fact that the windward side area of soil sample was decreased by the sand accumulation. Firstly, 30 m/s non-sand-driving wind was used to deflate the samples for 4 min, and then sanddriving winds were used to deflate the samples continuously at rates of 7 m/s, 10 m/s, 12 m/s, 15 m/s, 20 m/s, 25 m/s, and 30 m/s, respectively [45] . The wind erosion rates before and after the consolidation were shown in Table 7 (the wind erosion amount was obtained by weighting the covered soil by removal from the surface after experiment).
As can be seen from Table 7 and Figure 7 , the effect of wind erosion on soil was very limited, and the soil samples were mainly subject to shear stress of wind. Under the sanddriving wind effect, wind erosion amount was related to the soil surface strength and was in direct proportion with wind speed. The soil samples were influenced by the impact of the sands in the wind and the shear effect generated by the rotation of the sand; the soil whose surface was consolidated was destroyed making the undisturbed soil which is vulnerable to be eroded exposed and they were cracked by the shock of solid particles produced by sanddriving wind. So the wind erosion rate of sand-driving wind was much greater than that of non-sand-driving wind.
The erosion moduli of soil samples consolidated with BS-10a and BS-10b are roughly equal. But, compared with the unconsolidated samples, their erosion resistance was substantially improved. Under deflation of sand-driving wind at low speed of below 15 m/s, the wind erosion moduli for the samples were decreased by 5∼6 times, and the erosion amount slightly rose with the increase in wind speed; under deflation of sand-driving wind at speed of above 15 m/s, the mass loss of undisturbed soil samples grew exponentially, and the mass loss of the consolidated sample substantially increased compared with the low speed segment of wind. After consolidation, the erosion resistance of soil sample was significantly enhanced, and the wind erosion modulus was decreased by 7∼8 times.
Based on Table 7 and Figure 7 , we fitted the relation between wind speed and wind erosion modulus of undisturbed rammed soil and BS-10 consolidated soil as follows: where is wind speed (m/s); is wind erosion modulus (Kg⋅m −2 ⋅h −1 ); and is the relation coefficient between wind speed and wind erosion modulus, in undisturbed rammed soil:
= 16.0, in BS-10a consolidated rammed soil: = 24.9, and in BS-10b consolidated rammed soil = 24.7. The relation between wind speed and wind erosion modulus of undisturbed adobe and BS-10 consolidated adobe is similar to that of rammed soil.
Set up the wind function in windy days according to Figure 6 , which obeys the normal distribution ∼ (9.5, 23.8), for BS-10a consolidated rammed soil:
where is the wind erosion modulus (Kg⋅m −2 ⋅h −1 ) and is the duration time of deflation (h).
Integrating formula (3), = 0.18 can be obtained, and Table 8 can be obtained similarly.
It can be seen from Table 8 that the consolidation effect of BS-10a was a little better than that of BS-10b in the natural wind erosion in Turpan; the wind erosion moduli of undisturbed rammed earth and adobe were reduced by 5 times and 7 times relatively. And the consolidation effect of abode was relatively good mainly because the erosion debris content in the abode surface was relatively high, so the consolidation material can penetrate more fully into the soil. Though the BS-10 consolidation material is difficult in achieving the wind erosion resistance by 6 to 24 times as the PS consolidation material [12] , it can also satisfy the requirement of wind erosion resistance in arid region as the windy days in Turpan are not so frequent and the average wind speed is less than 1 m/s. 
Scanning Electron Microscopy (SEM) Analysis.
The factors influencing weathering of the earthen archaeological sites include internal factor and external factor. The internal factors are the composition and the nature of the earthen archaeological site itself, including soil composition and microstructure [46] . The external factors refer to the influence from external environmental factors, including temperature, humidity, and moisture content. The consolidation of earthen archaeological sites was generally considered as changing the particle structure from the soil internal parts, thereby increasing the binding force between soil particles.
This microstructure analysis test on soil was conducted using AMRAY100-B scanning electron microscope for scanning analysis on the soil samples with electron microscope [47] . The SEM analysis results of soil samples at magnification factor of 1,000 are as shown in Figure 8 .
This paper selected the scanning results of more representative BS-10b for analysis, of which the analysis results of BS-10a were found similar.
As can be seen from Figures 8(a) and 8(d), the undisturbed soil surfaces were formed by pile-up of soil particles in varying sizes, and the particle sizes are distributed between 2∼20 microns and mostly concentrated in the 2∼10 microns. The particles are arranged disorderly, with varying sizes distributed alternately, surface undulated significantly, and particle pores in varying sizes. Irrespective of surface or internal parts of the soil structure, the undisturbed soil structure is relatively loose and has large pores; the soil particles are in smaller scaly shape, having only the geometric accumulation of primary minerals, and free of other firm connections.
As can be seen from Figures 8(b) , 8(c), 8(e), and 8(f), compared with the undisturbed soil samples, the consolidated soil surfaces feature dense grain structure and compact accumulation of mineral; the soil particles are cemented as a whole; the whole volume of pores decreased but average diameters of single pore increased, because the soil particles were gathered, and the BS consolidation material was cemented and filling some pores. The soil has relatively more flocculent colloids, small particles are embedded in the colloid to form into large particles, and large particles are alternatively connected to form into the soil skeleton; the gelatinous substances are distributed throughout the sample, and relatively more pores exist between skeletons, most of which are large pores.
Therefore, the BS-10 material and the soil have good compatibility and can change the separated and clay particle microstructure to form into dense grid gel structure and significantly improve the loose nature of the soil; this mainly benefited from the epoxide group property of high reactivity and cohesiveness, as well as the good compatibility between inorganic SiO 2 network and the soil, which is also the basic property of most consolidation materials [12, 16, 47] . This dense grid gel structure qualified the consolidated soil with good water resistance and stability.
Water Resistance Test.
The soils in the earthen archaeological sites feature easy disintegration when exposed to water and are prone to disintegration and collapse under the effect of rain and groundwater, thereby affecting the stability of the earthen archaeological sites. The experiment was done indoors in 25 ∘ C, immerse the soil samples in a glass container, flood the soil completely with water, and study the water resistance and stability of soil under hydrostatic pressure [48] . The destruction processes of samples in the water are experimentally observed and recorded, and the wetting speed and the disintegration state are tested. The test results are as shown in Table 9 .
During the experiment, it was found that, after immersion of the undisturbed soil samples of the rammed soil, the surface was observed as immediate residues were falling and peeling, the corners were quickly collapsed, and the soil samples were completely disintegrated in around 40 s; the soil consolidated with BS-10 solution had significantly improved water resistance, without immediate damage to the surface immediately upon exposure to the water, and the surface produced bubbles gradually; the residues started to fall off from the soil surface in 30∼90 min, the four corners were partially collapsed within 1∼2 h, and the samples were completely disintegrated within 3∼5 h; the destruction rate of the samples with worm hole was faster. This phenomenon is mainly because the water penetrated into the pores with different speed, making the expansion rate of diffusion layer uneven, as a result, the repulsive force among the soil particles exceeded the attractive force to produce stress concentration, and the soil collapsed along the place where the repulsive force exceeded the attractive force most. It also should be noted that the number of dry-wet cycles has obvious influence on the water resistance of soil [12] . The changes in immersion state before and after consolidation of adobe were similar to those of the rammed earth.
The results showed that the water resistance property of consolidated soil sample by BS-10 was increased more obviously than that consolidated by SH (increased by 42.63%) [49] but in the end still was completely disintegrated and destructed. The existence of wormholes enabled rapid penetration of water deep into the soil, accelerating the disintegration of the soil. Taking into account the perennial dryness and lack of rain in Turpan region, the soil cannot be completely soaked by rain under normal circumstances; therefore, it can be considered that the BS-10 material can meet the soil consolidation requirements for the soil water resistance in the arid region in northwest China, but the wormhole should be subject to closed treatment before consolidation. The surface shows bubbles immediately upon exposure to the water, the soil residues come off in 30 min, and the four corners are locally collapsed in 1 h, and the soil is collapsed completely within 3 h
The surface shows bubbles immediately upon exposure to the water, the soil residues come off in 50 min, and the four corners are locally collapsed in 2 h, and the soil is collapsed completely within 5 h BS-10b consolidated rammed earth sample
The surface shows bubbles immediately upon exposure to the water, the soil residues come off in 90 min, and the four corners are locally collapsed in 2 h, and the soil is collapsed completely within 4 h F-3-2 (surface with worm hole)
The surface shows large amount of bubbles immediately upon exposure to the water, soil residues come off in 60 min, the four corners are locally collapsed in 1.5 h, and the soil is collapsed completely within 2 h Undisturbed soil of adobe
The soil residues come off from the surface immediately upon exposure to the water, and the soil is collapsed completely within 70 s F-4-2 The soil residues come off from the surface immediately upon exposure to the water, and the soil is collapsed completely within 80 s BS-10a consolidated adobe sample F-5-1 (surface with worm hole)
The surface shows bubbles immediately upon exposure to the water, soil residues come off in 60 min, the mud and straw fallen off from the adobe float in the water, the four corners are locally collapsed in 2 h, and the soil is collapsed completely within 3 h F-5-2
The surface shows bubbles immediately upon exposure to the water, soil residues come off in 80 min, the mud and straw fallen off from the adobe float in the water, the four corners are locally collapsed in 3 h, and the soil is collapsed completely within 4 h BS-10b consolidated adobe sample
The surface shows bubbles immediately upon exposure to the water, soil residues come off in 70 min, the mud and straw fallen off from the adobe float in the water, the four corners are locally collapsed in 2 h, and the soil is collapsed completely within 3 h F-6-2
The surface shows bubbles immediately upon exposure to the water, soil residues come off in 65 min, the mud and straw fallen off from the adobe float in the water, the four corners are locally collapsed in 2.5 h, and the soil is collapsed completely within 3.5 h
Conclusion
This paper gave analysis on the soil characteristics in the archaeological sites of Gaochang Ruins. On such basis, the applicability of the BS-10 series materials in consolidation of the earthen archaeological sites was conducted with experimental study. The results showed that the two materials of BS-10a and BS-10b had similar consolidation properties and desirable consolidation effect on the earthen archaeological sites in arid regions. After consolidation, the wind erosion resistance of the soil was substantially increased, and the high-speed sanddriving wind caused great harm to the archaeological sites; the soil had excellent ageing resistance; and the soil hydrolysis resistance and stability were also improved.
The unconfined compressive strength is improved in limited range and still has room for improvement.
The freeze-thaw resistance of the dry soil undergoes little change, which is closely related to the soil moisture content. After consolidation, the soil permeation coefficient is reduced, and the moisture content is difficult to permeate, which prevents the freeze-thaw destruction to the soil to certain extent and meets the requirements for consolidation of archaeological sites in arid regions.
The electron microscopy scanning and permeability tests showed that, upon consolidation, the soil featured dense structure, overall cementation, and permeability coefficient reduced by one order of magnitude. However, upon consolidation, the moisture exchange between inside and outside the soil could still be ensured.
These experimental studies were conducted on the consolidation applicability of the BS-10 material on the earthen archaeological sites in arid regions, and the effects of wind erosion and water penetration are the main factors taken into consideration. No matter what kind the soil is, the consolidation material must be compatible with the soil and the soil after consolidation should have good durability; meanwhile, the emphasis points of consolidation are different in different climate condition such as the following: in the humid and rainy region, the water resistance property and stability of the earthen sites after consolidation should be the main factors to be considered; for the coastal region (where it is easy to be eroded by wind), the resistance to acid and salt should be considered first.
